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I. INTRODUCTION

1.1 BACXGRCUND

The objective of the Systems, Science and Software (S?)
research program carried out during Fiscal Year 1979 under
Contract No. F08606-79-C-0008 was <0 extend our understanding
of the excitation of seismic waves by undergrcund explosions
and earthquakes. In garticular, the program was directed
toward the development of improved methods for discriminating
between the seismic signals IZrom earthquakes and explosions
and the development of improved methods for estimating explo-
sion yield. The rasearch program to achieve the objectives
included empirical, theoretical and experimental studies.

This report summarizes the work done by S? during
Fiscal Year 1979.

1.2 SUMMARY OF RESEARCH

The research activities carried ocut during Fiscal Year

1979 may be divided into seven topic areas:

1

. Source Calculatiocns.

~a

. Discrimination.

3. Body Wave Magnitude and Yield Determination.
4. Small Scale Experiments.

5. Data Processing Analysis.

6. Grcund Motion Analysis.

7. Selected Geological Studies.

In the remainder of this section we will list the major
projects in each of these topic areas. Most of the importanc
results have been described in 3° reports ané the appropriate

report is listed with each project.

=)
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In later sections of this report we will summarize the
most important results. Also, as a summary of all the work
accomplished since the beginning of our work for AFTAC/VSC
in May 1975, we have included in Appendix A the abstracts of
all technical reports that have been submitted.

1.3 SOURCE CALCULATIONS

An important element of the S® research program is the
use of deterministic finite difference methods for directly
computing explosion and earthquake sources. Calculations are
done in one, two and three dimensions. The major source cal-
culations done during Fiscal Year 1979 are listed below. Some
summary remarks about source coﬁpling and our approach using
finite difference methods are presented in Section II.

Explosions in Salt

One- and two-dimensional calculations were done to model
tamped and decoupled explosions in salt. The effect of non-
hydrostatic prestress conditions were also investigated. Some
of the results were reported at the Defense Advanced Research
Projects Agency (DARPA) Workshop on Cavity Decoupling in
February 1979, and some were reported in our May Quarterly
Report (Coleman, et al., 1979).

PILEDRIVER

A detailed two-dimensional calculation of PILEDRIVER
was carried out and the results were described in our August
Quarterly Report (Rimer, et al., 1979). The constitutive
models were based on analysis of results from an extensive
series of one-dimensional calculations done over the past
several vears. Our most successful one-dimensional results
were done this year and are described in the May Quarterly
Report (Coleman, et al., 1979).

SYSTEMS. SCIENCE AND SOFTWARE
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Explosions in Granite

Using the geology and constitutive models developed in
our study of PILEDRIVER, three more two-dimensional calcula-
tions of explosions in granite were carried out near the end
of the contract year. The three events include a 150 KT explo-
sion at 1 km depth and 20 KT explosions at 1 km and 0.4 km
depth. The results of these calculations have not yet been
reported.

Earthgquake Modeling

In Section 2.6 we give a brief summary of our earthquake
work. We are using a three-dimensional finite difference model
(TRES) of earthquake faulting which was made operational on the
ILLIAC computer in Fiscal Year 1978. 1In the initial calcula-
tions done with this model the rupture velocity was prescribed
and the boundary conditions on the fault surface were governed
by a Coulomb friction law. The results of these calculations
were described in our February Quarterly Report (Bache, et al.,
1979).

The first set of calculations were useful for improving
understanding of the geometric ané kinematic parameters of the
fault. However, they bypass consideration of many aspects of
the physics of the faulting process. A new algorithm incor-
porating a fracture criterion in which rupture advance is
governed by the constitutive properties of the material in the
fault zone was developed. A partial description of this
algorithm was described in the May Quarterly Report (Coleman,
et al., 1979).

Analytic Continuation of Complex Source Calculations

The source calculations are carried out until the stress
waves have propagated into a region where the material response
is linear elastic. 1In order to compute theoretical seismograms

SYSTEMS. SCIENCE AND SOFTWARE
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at ranges of interest which are usually much farther than this

"elastic radius," it is necessary to have some analytic con-
tinuation scheme. When the source is considered to be in a
wholespace, as is the case for the earthquake and one-dimensional

explosion calculations, methods previously developed at s} are
used (e.g., Bache and Harkrider, 1976). For the two-dimensional
explosion calculations where a free surface is present, new
methods are required.

E. The basic theoretical development for analytical con-

: tinuation of sources in a layered halfspace was done during

3 Fiscal Year 1978 and was reported in the April (Rodi, et al.,
1978) and August (Savino, et al., 1978) Quarterly Reports.

'@ The implementation and testing of this method for surface

waves was described in our August Quarterly Report (Rimer,

et al., 1979). The method has also been implemented and tested
for body waves, but has not yet been reported.

1.4 DISCRIMINATION

: A major part of our effort during Fiscal Year 1979 was
F! the completion of the S® contribution to the Vela Seismological

Center (VSC) discrimination experiment. In Section III we sum=-
marize our major conclusions from that effort.

AR Al o o 4 o

o
1.5 BODY WAVE MAGNITUDE AND YIELD DETERMINATION

{ Several research projects were carried out during Fiscal
F Year 1979 under this task. PFirst, an algorithm for auvtomati-
[. cally computing body wave magnitude was developed and tested
| on a data set including recordings of eleven Pahute Mesa explo-
b
S sions at six teleseismic stations. We also modeled many of
{ these seismograms.

e
r
:
3
b
» 4
s
'e
\

SYSTEMS SCIENCE AND SOFTWAR.

L e —— . e ) 1




An important conclusion of our modeling work is that an
excellent match to the observations at a transparent station like
HNME is obtained by modifying the source representation in the
following way. A downward impulse source is added to represent
spall impact. This impulse has amplitude and time lag (with
respect to the explosion) consistent with near field estimates
of these guantities. Further, to represent the loss of energy
due to spallation, the upward waves from the explosion are
halved. In Section IV we summarize in more detail ocur argu-
ments for the importance of spall impact for explaining observed
seismic waveforms.

Also presented in Section 4.3 is a brief summary of our
arguments for choosing t* near unity when synthesizing seismo-
grams. Much smaller t* values (at 1 Hz) reqguire a substantial
adsustment in our conventional wisdom about the structure of
the upper mantle at depths below 750 km and/or in the amplitude
and corner frequency of the source-time function.

l.6 SMALL-SCALE EXPERIMENTS

Small-scale explosion experiments were carried out with
the objective being to measure the free surface motion due to
the detonation of small high explosive charges within a uni-
form, well-characterized medium. These experiments were
intended to be more complex versions of similar experiments
carried out in 1976 and 1977 and reported by Cherry, et al.
(1977). An important difference was that the explosive charges
used for the earlier experiments were no longer available to us.
Therefore, our initial effort was directed toward the construc-
tion of new charges and verification that the deviations from
sphericity were small and that the energy output was uniform
from one experiment to the next.
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A discussion of the experiments is presented in Section
V. The first experiments demonstrated that the fully tamped
charges gave a spherically symmetric radiation field. Fairly
large shear waves were recorded from the experiments conducted
in 1976 and these were attributed to asymmetric tamping. This

problem has apparently been solved.

The next step was to detonate the charges in cylin-
drical cavities to study the radiation field asymmetry. Two
experiments were done and large shear waves wete recorded.
However, a significant experimental problem was not solved.
Most of the charges did not experience a prompt high order
detonation. This is attributed *o a loss of contact between

the explosive and bridgewire that occurs during the preparation

T - ]
DA AL A i, Jofun e A
P . -

e

of the grout block. This makes the experiments difficult to

model theoretically.

m 1.7 DATA PROCESSING ANALYSIS

The major effort accomplished under this task was a
> design study for the hardware configuration of a Seismic
é! Research Center (SRC). This study was reported by Berger
(1979). The system discussed is to perform the tasks of

; the present SDAC and to meet the requirements of a data
center which can record and process the data from up to 50
NSS Mod II type seismic stations.

- 1.8 GROUND MOTION ANALYSIS

' ¢ This task was mainly carried out by John R. Murphy and
‘ his staff at the S’ offices in Reston, Virginia. A major
part of that effort was a review of the available free-field
data from underground nuclear explosions in alluvium, tuff,
dolomite, sandstone-shale and interbedded lava flows. This

1 review was reported by Murphy and Bennett (1979).
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'® 1.9 SELECTED GEOLOGICAL STUDIES
!
: The objective of this task was to organize a group of
: consultants to review the relevant Soviet literature for
E understanding the geophysical environment at selected test
o sites. A meeting of the study group was held in December
] 1978 and minutes of that meeting were prepared and distributed.
3
o
)
b
I
)
o
o
L
L
®
®
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II. SOURCE CALCULATIONS

2.1 INTRODUCTION

In this section we describe our approach to understanding
source coupling by using a deterministic technigque for predict-
ing the seismic coupling for both body waves and surface waves.
The basic element of the technigue is a computer model of near
field, nonlinear stress wave propagation which calculates the
ground motion at arbitrary distances from the explosive source.
For seismic coupling predictions the distances at which the
calculation is monitored are always chosen to be outside the
nonlinear region. This elastic ground motion forms the basis
for estimating seismic coupling.

Within the computer model are descriptions (constitutive
relations) of the response of the rock environment to strasses
varying from a few megabars in pressure down to the elastic
level. The most critical constitutive relations affecting
seismic coupling are those involving irreversible pore collapse,
tension failure and effective stress.

The next section presents the normalization of these
constitutive relations by comparisons between calculated and
observed ground motion from explosive sources. We then sum-
marize the results from some calculations of seismic coupling
as a function of rock type and depth of burial.

2.2 MODEL NORMALIZATION

For estimating seismic coupling, the monitored staticns
must be in the elastic region. Therefore, the model must
eventually be able to accurately propagate an elastic wave.
Figures 1 and 2 (Cherry, et al., 1973) compare the analytic
and computer model solutions to an elastic disturbance generated

SYSTEMS. SCIENCE AND SOFTWARE
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by an exponentially decaying pressure load applied to the inside
of a 10 m cavity. The model is capable of accurately simulating
the propagation of a small displacement elastic disturbance.

A constitutive model for irreversible pore collapse
was presented by Cherry, et al. (1973). The pressure loading
and release states obtained from this model for a partially
saturated tuff are shown in Figure 3. Riney, et al. (1973)
used this model to predict the ground motion from the MINE
DUST HE shot, a 1,000 pound nitromethane explosion detonated
May 10, 1972 at NTS Area 16. Figure 4 shows a comparison
between the computer model, run on May 8, 1972, and the parti-
cle velocity recorded from the shot. The agreement shown in
this figure is typical of comparisons at other distances. These
results provided us with a great deal of confidence that
realistic ground motion predictions can be made in weak rocks
where the dominant mechanism for stress wave attenuation is
the removal of air f£illed porosity.

The basic features of the tension failure model were
presented by Cherry, et al. (1975) and used by Rimer, et al.
(1979) to match the surface spall and slap down phases from
the PILEDRIVER event. Figure 5 compares calculated and ob-
served particle velocities 368 m from SGZ for this event.
This comparison indicates that the tension failure model con-
tains the physics necessary to model spall effects from a
nuclear event. As a result we proceed with a two-dimensional
parameter study to determine the effects of yvield and depth
of burial on body waves and surface waves in NTS grandiorite.
Preliminary results from this study will be presented later
in this summary.

Two features are included in the material strengtd
portions of the constitutive model that are not usually pre-
sent in calculations performed by other investigators. These
include the dependence of material strength on both the
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third deviatoric stress invariant (Cherry and Petersen, 1970)
and pore fluid pressure (Cherry, et al., 1975; Rimer, et al.,
1979). These features have allowed the model to accurately
calculate ground motion in saturated and partially saturated
rocks having large values of material strength when tested
dry in the laboratory. Figures & and 7 compare the observed
and calculated ground motion from the PILEDRIVER event at
shot level. This type of agreement is only possible if the
rock environment is assumed partially saturated and the ef-
fact of pore f£luid pressure is included in the material
strength portion of the model.

Near field ground motion measurements are sparse and
often inadequately address the low frequency content of the
ground motion responsible for body wave and surface wave
coupling at teleseismic distances. Therefore, as an additional
aid fcr model normalization, we conducted laboratory experi-
ments to obtain high gquality measurements of rock moticn
from an explosive source (Cherxry, et al., 1977). The mea-
surements were taken on the surface of specially prepared
concrete cylinders and the source was 0.25 gm of PETN. Figure
8 compares the experimental data with two calculations, with
and without tension failure. A characteristic of tension
failure i1s a peaked RVP spectrum, caused by a discontinuity

b

n tangential stress at the linear-ncnlinear boundary. The
calculation with tension failure in the material model is

in better agresement with the data.

Finally, a defirition of what we mean by "elastic be-
havior" is now appropriate. We define elastic behavior as
the absence of irreversible pore collapse, tension failure
and yielding. In addition, the stress-strain relation is
obtained from single values of bulk modulus and shear mcdulus.
We have not found it necessary to include rate dependent efi-
fac+s in the model. However, near field ground motion data in
salt suggest <hat salt's material strength may be dependent on

inelastic strain energy.
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2.3 PARAMETER STUDY IN ONE DIMENSION

Cherry, et al. (1975) conducted a one~dimensional
parameter study to determine the dependence of teleseismic
magnitudes on the nonlinear behavior of the near source rock
environment. They calculated y(«) for systematic changes in
material properties and computed the corresponding change in
magnitude (Am), where

Am mi - mk = log [ ]
A Py (=)

Figures 9, 10 and 1l show the effect of air filled
porosity, maximum material strength and overburden pressure
on Am. These were shown to be the most sensitive parameters
in the model.

2.4 SEISMIC COUPLING AT NTS

Bache, et al. (1975) used this computer model to ex-
plain the relative differences in body wave coupling between
various testing areas at NTS. The observed teleseismic data
is shown in Figure 12.

Material properties used for the equivalent elastic
source calculations were obtained from both laboratory tests
on appropriate rock samples and CEP reports. The RVP spectra
computed for each testing area is shown in Figure 13. The
reasons for the differences in these sources are as follows:

1. The ratio of the spectral peak to the zero
frequency limit (y(=)) increases with increasing
material strength. Therefore, both Piledriver
and Pahute Mesa rhyclite, having the largest
values of material strength, show highly peaked
spectra compared to the other three areas.
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2. Both the PILEDRIVER and rhyolite calculations
used the same material strength. PILEDRIVER
couples approximately twice as well due to
lower overburden pressures.

3. The Area 12 material couples three to five
times better than Yucca Flat tuff and Pahute
Mesa rhyolite for frequencies up to ten Hz.

4. The Area 12 tuff couples higher than Yucca
Flat wet tuff due to lower air voids and
overburden pressure.

5. The Yucca Flat dry tuff couples low due to the
high air filled voids and high strength assumed
for the site.

6. Pahute Mesa rhyolite couples lower than Area 12
tuff due to high strength and high overburden
pressure.

These equivalent sources were propagated to teleseismic
distances. Synthetic seismograms were computed and compared
to the data. As shown in Figure 14, the calculations match
the data quite well indicating that the one-dimensional
source calculations are accounting for the robust features
controlling body wave coupling at NTS.

A similar analysis has been performed by Bache, et al.
(1978) for surface waves using data from stations at Tucson
and Albuquergue. They concluded that the Y (=) wvalues obtained
from the source calculations are within acceptable limits
to those inferred from the data.
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2.5 PARAMETER STUDY IN TWO DIMENSIONS

Rimer, et al. (1979) conducted a two-dimensional param-
eter study to determine the effect of yield and depth of burial
on surface wave and body wave magnitudes. The rock environ-
ment was NTS fractured granodiorite. Near field data from the
PILEDRIVER event (61 KT, 460 m) was compared to the results of
the PILEDRIVER calculation (Figures 5, 15 and 16). The con-
clusion was that the agreement was good enough to warrant a
systematic investigation of the degradation of pP by spall and
the resulting effect on seismic coupling. The yields (W) and
depth of burial (DoB) comprising the study are given in the
following table.

W DoB ~ Scaled DgB
(KT) (m) (m(XT) 1/ 3)
20 400 147

20 1000 368

61 460 117
150 1000 188

Each calculation was monitored on a cylindrical surface
in the elastic regime. These results were then analytically
continued to the far £isld in order to obtain estimates of m

and Ms'

The surface wave calculations (Figure 17) show 0.3 mag-
nitude units difference between the one~ and two-dimensional
PILEDRIVER calculations and 0.6 magnitude units difference
between the shallow and déep two-dimensional calculations of
the 20 XT sources. Agreement hetween the one- and two-dimen-
sional calculations is good for the two deep shots.

The body wave magnitudes are shown in Figure 18. the
variation of these magnitudes with vield and depth of burial
is much reduced from that found for surface waves. It appears
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that the "b" phase is adequately modeled by a one-dimension
simulation for the depths and yields considered here.

These results are preliminary in that the analytic con-
tinuation procedures are still being tested and the physical
basis for the variations shown here has not been fully addressed.
However, it does appear that two-dimensional simulations can
improve our understanding of the effect of "spall" on seismic
coupling and hopefully permit a mcre detailed match of the short
period seismogram.

2.6 SEISMIC COUPLING IN SALT

Realistic decoupling scenarios in salt can be developed
only after appropriate free field ground motion data in this
rock are understood. The SALMON event (Perret, 1968) provided
a large subset of this data. These data exhibit a number of
puzzling features, the most important being a small amplitude
"elastic" precursor which is not consistent with laboratory
strength measurements or the overburden pressure at shot depth.

Here we present a 2ossible explanation of this precursor
which depends on the SALMON shot environment being "saturated.'
If we assume saturation, then the precursor emerges. Its
amplitude depends on the assumed "saturated" strength.

Figure 19 shows a comparison between the calculated and
observed racdial ground motion at a distance of 2783 m from the
SALMON event. The peaks have been aligned by shifting the
time axis. In the calculation we assumed that the salt was
totally saturated.

In the data the "elastic" oprecursor has a gpeak velocity

[}

£ approximately 0.4 m/sec while the precursor in the calcula-
tion peaks at 1.2 m/sec. Therefore, the assumed saturated
strength for salt was too high by about a factor of three. We

should note that there are no strength data for saturated salt.
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Our assumed strength was 77 bars, obtained from an extrapola-
tion of triaxial compression data to zero mean stress. There
is no reason to expect this extrapolation to accurately repre-
sent the strength of salt at low stress states.

In addition, the width of the calculated velocity pulse
is about a factor of two broader than the data. Therefore,
the assumed saturated strength was low by at least a factor
of two during that portion of the velocity pulse which follows
the precursor.

This conflict between the material strengths associated
with the precursor and that following the precursor can be
resolved if salt is assumed to work harden after the saturated
strength is attained. The physical explanation for the work
hardening may be an increase in the effective stress, and, con-
versely, a decrease in pore fluid pressure, caused by dilatancy.

It is interesting that salt apparently requires a con-
stitutive model different from those used for the rocks at NTS.
They all have one feature in common however, namely that seismic
coupling is controlled by low strength states, i.e., those that
are between the tensile strength and the unconfined compressive
strength. This reduction in strength has been attributed to
pore fluid pressure and effective stress. Therefore, the degree
of saturation at shot depth and the location of the water table
are critical seismic coupling site propertias. In addition,
it is important that laboratory strength data be obtained for
critical rock types at stress states below unconfined compres-
sion.

Scme words of explanation are in order concerning the use
of the term "saturated" to describe the SALMON rock environment.
This term was used to identify a physical process which permitted
a reduction in material strength caused by pore fluid pressure.
That is, the ground motion data from SALMON required a material
Strength that was consistent with the assumption that the salt
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was "saturated." However, ground motion data only provides an in-
direct measure of the intrinisic properties of the rock envi-
ronment that are consistent with a specific model (i.e., we
measure ground motion, choose a model, and, by using this model
to match the ground motion, invert for the material properties
required by the model). 1Is the salt really "saturated"? We
can't answer that. However, within the constraints imposed by
our consitutive model, the answer is affirmative.

2.7 THREE-DIMENSIONAL FINITE DIFFERENCE EARTHQUAKE

MODELING ON THE ILLIAC COMPUTER

An improved understanding of the physics of both earth-
quake and explosion sources is important for providing a sat-
isfactory theoretical basis for proposed discrimination
technigues. A great increase in research directed toward
understanding earthquake source theory has occurred in the
last few years, though nearly all of that work is focused on
the strong motion characteristics of the source.

In our earthquake modeling research at Systems, Science
and Software our objective is to construct realistic models of
earthguake faulting that are consistent with modern concepts
of earthquake physics, with particular attention to those
aspects controlling the far-field seismic waves important for
discrimination. Careful studies of the broad-band character
of earthquake signatures indicate that the relative excitation
of long and short period waves is inconsistent with predictions
from simple models (Bache and Barker, 1978; Bache, Lambert and
Barker, 1979; Hartzell and Brune, 1979). For example, the far-
£ield body wave spectrum deduced by Bache, et al. (1979) for
the 1975 Pocatello Valley, Idaho earthguake is shown in Figure
20. As noted bv these authors simple scurce models are incapa-
ble of simultaneous accounting for both the long- and short-
period teleseismic signal. More complex rupture physics is
required to explain these differences which are, of course,
precisely those exploited by most discriminants.
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The P wave spectrum along a teleseismic ray path

is plotted for the source inferred by Bache, et al.
(1979) for the Pocatello Valley earthquake. Aalso
shown is a comparison of the observed and synthetic
teleseismic P wave. The source was obtained by
summing two independent constant-stress-~drop earth-
guake source models.
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The essential analytic tool for our earthquake modeling
program is the TRES code, a three-dimensional, explicit finite
difference code operating on the ILLIAC IV. Three classes of
earthquake models have been considered thus far: (1) elastic
matarial bei.avior, with stress-relaxation propagating at con-
stant rupture velocity, (2) elastic-perfectly plastic material

e "TH"TT.Y."-T.VWH D 717 Ao it
. . . ‘ ‘ T bt .
e

’
s

behavior, with stress-relaxation propagating at constant rup-
ture velocity, and (3) elastic material behavior, with spon-
taneous rupture propagation governed by a slip-weakening law.
The calculations have been directed towards verifying the
numerical methods, obtaining an understanding of the under-
lying physics controlling simple earthquake models, and
developing a model of spontaneous rupture growth and arrest
for simulating realistic faulting.

Figure 2la shows the slip time-functions obtained along
the fault diagonal of a constant stress drop, sguare fault
which grows circularly from a point at constant rupture veloc-
ity (solid curves), and compares this finite difference solu-
tion to the analytic solution for an expanding circular crack
which does not stop growing (dashed curves). The good agree-
ment at early times verifies that the finite difference treat-
ment gives accurate results for dynamic crack problems.

Figure 21b shows the slip velocities for points along the fault
diagonal. Peak slip velocity grows as the square root of dis-
tance from the point of first rupture, also in accord with
theory. Figure 22 shows far-field spectra and time functions
at several locations on the focal sphere. P and S wave corner
frequencies are found to be azimuth dependent, and are con-
trolled by the travel time difference between stopping phases
from the near and far edge of the fault. The effect ¢f per-
mitting plastic yielding is essentially that of extending the

effective fault area.
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Figure 22. Comparison of displacement spectra and time
histories £from the plastic problem (solid curves)
with those from the elastic problem (dashed curwves).
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L J
) The slip-weakening model of failure, in which shear
strength of the fault zone is a decreasing function of its
deformation, results in energy dissipation and bounded stress
at the crack tip. Since nonlinearities are confined to the
. plane of the fault, only the computed displacement discontinuity
on the fault plane is then required in order to construct far-
field spectra and seismograms for the earthquake simulation.
Initial numerical experiments, under conditions of uniform
° stress drop, give rapid growth in the prestress direction, and
less rapid growth in the direction perpendicular to the pre-
stress, forming an initially elliptical rupture front. The
next step will be to perform more detailed calculations with
0» uniform stress drop, and then investigate the influence of
inhomogeneous stress drop on the teleseismic signal.
@
o
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III. DISCRIMINATION

3.1 DATA BASE AND PROCEDURE

The discrimination experiment was completed during
Fiscal Year 1979 and the final results of the variable fre-
quency magnitude (VFM) discrimination procedure were presented
at the review meeting held in Alexandria, Virginia, on July
25, 1979. A total of 133 Eurasian events, 106 earthquakes
and 27 presumed explosions, were analyzed. The analysis was
performed on short-period vertical component recordings of
P waves from one or more globally distributed seismograph
stations.

The central feature of the VFM technique is the appli-
cation of a set, or "comb," of Gaussian shaped narrow band
filters to decompose a digital time series, consisting of
signal plus noise, into a set of gquasi-harmonic modulated
signals. For each filter a %£ime dcmain envelope function is
constructed from the filtered and guadrature signals. The
filtered signal is corrected for instrument transfer functiocn.
The time of the maximum of a particular envelope function is
the group or energy arrival time, tg, of "signal" with a
frequency near the filter center frequency. The amplitude of
the envelope function at time, tg, is the spectral amplitude,
Ag(f), of the signal energy arrival.

For identification of a signal as to the originating
event type, the procedure is simply to compute the magnitude
mb(f) a log Ag(f) and construct mb(f) planes wherein event
mb(f) values at a high frequency (i.e., > 2.0 Hz) are plotted
versus mb(f) values at a lower frequency (i.e., 0.3 Hz).

Observed signals can then be characterized by the location of
their mb(f) values in these planes. Particular combinations

of high and low frequencies are selected for optimal discrim-
ination at a given station from an examination oI many mb(f)
plots.
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3.2 PROPAGATION PATH EFFECTS NEAR THE RECORDING STATIONS

The mb(f) results obtained from this experiment indicated
that the VFM approach may be able to discriminate between
Eurasian earthquakes and explosions recorded at both teleseis-
mic and regional distances. Individual station performance,
however, is influenced by the attenuation properties of the
upper mantle beneath a particular station. For instance, a
station overlying high Q upper mantle (as evidenced either by
the siting of the station in a shield region and/or a region
characterized by large negative P wave travel-time residuals)
provides much greater separation of earthquakes and explosions
in the mb(f) plane representation than a station located over
a low Q upper mantle. A low Q upper mantle acts as a low-
pass filter applied to incoming teleseismic P waves which, in
turn, forces us to use a lower mb(fHIGH) than we would prefer
for optimal discrimination. As examples, we cite results from
two stations for which a variety of regional geophysical in-
formation pertaining to the structure of the upper mantle is
available. The two stations are Red Lake, Ontario (RKON) and

Albugquergue, New Mexico (ANMO).

VFM discrimination results for RKON are representative
of results from that subset of the stations analyzed which
provided the best discrimination of the Eurasian event data
set. The other stations that fall in this category are: Xabul,
Afghanistan (KAAQ); Charters Towers, Australia (CTAO):; and the
NORSAR array. A plot of mb(fLow) versus mb(fHIGH) estimates
for events recorded at RKON exhibits separation of the earth-
gquake and explosion populations on the order of one my unit
when we compare the earthquake and explosicn high Irequency

m, levels for a fixed low frequency My level. As for the

b
attenuation properties cf the upper mantle beneath this staticn,
we note that RKON is located within the Zanadian Shield in a
region characterized by relatively lcw heat Zlcw and large

negative travel-time residuals (Masso, =t al., 1973). These
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geophysical data sets, together with the results from several

other studies (e.g., Brune and Dorman, (1963), suggest that
the upper mantle in this region is relatively high Q (low
attenuation).

In striking contrast to an RKON-type station, we have
the VFM discrimination results for ANMO. This station is
located in the Basin and Range Province of the western United
States and is in a region characterized by large positive
travel-time residuals and high heat flow (Masso, et al., 1978).
Numerous geophysical studies performed in this region (Thompson
and Burke, 1974) indicate the existence of an extensive low Q-
low velocity zone in the upper mantle. In terms of discrimina-
ticon, an mb(f) plot obtained for the Eurasian events recorded
at ANMO can best be described as a shotgun pattern over most
of the event magnitude range, with significant overlap of
earthquakes of all focal depths and explosions. Other stations
which behave like ANMO, and in some cases are known to be
situated in regions characterized by large positive travel-
time residuals, are the following: Mashhad, Iran (MAIO);
Chiang Mai, Thailané (CHTO):; Taipei, Taiwan (TATO); Guam,
Maianas Island (GUMO); and Zongo Valley, Bolivia (ZOBO).

3.3 PROPAGATION PATH ZFFECTS NEAR THE SOURCE

In terms of VFM, or any other short-pericd P-wave dis-
rimirnation procedure, one of the most interesting source
regions included in this experiment is the Lake Baikal Rift
zone in eas%ern Siberia. The Baikal Rift is located in a
ragion of high heat flow and active normal faulting. In
addition, Vinnik and Godzikovskaya (1372) Zound anomalously
high P-wave attenuation, compared to an average for the USSR,

in the urper mantle beneath this region.

The importance of this source region for discrimination

ourposes became evident once the multistation VFM results were
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obtained for two presumed explosions occurring in the immediate

vicinity of Lake Baikal. One of these explosions originated to
the north of Lake Baikal — the other explosion to the south.
Discrimination of these two events was found to depend quite
strongly on the take-off azimuth of the P-waves relative to

the Rift zone. In those few cases where both events were
recorded at the same station one explosion appears earthquake-
like while the other appears explosion-like. Examination of
the seismograms clearly indicated that if the event P-wave
traveled through the mantle beneath the Rift zone then the high
frequency energy was heavily filtered as compared to the event
P-wave that skirts the Rift. As a result, when these two
events are plotted in the mb(f) planes, the high frequency my
estimates li;erally slide across (a fixed low frequency m,
level) the plot: in one case landing in the earthquake-like
copulation and in the other case f£alling in with the explosion-
like events. In terms of the applicability of short-period
body wave discriminants, it is extremely important to identify

other possibly similar source regions.

3.4 CONCLUSIONS

The principal conclusions resultiang f{rom the discrimina-

tion experiment are the following:

1. VFM discrimination based on both regional and
teleseismic stations is approximately 95 per-
cent effective for all the events in this exper-

iment.

™~
.

A few deep earthguakes (ten vercent of the
total) were misidentified by the VFM tech-
nigue and require depth estimates Icr cor-

rect identification.
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About five percent of all the events con-
sidered in this study were classed as
"unidentified." This is probably typical
of results to be expected from (largely)
teleseismic data sets. Discrimination of
these "unidentified" events will require
additional VFM results from regional sta-
tions and/or that other discriminants
(e.g., focal depth) be used jointly.

Stations can be classified as to VFM
discrimination effectiveness/reliability
using P-wave travel-time residual data
and other information pertaining to the
attenuation properties of the upper
mantle beneath a site.

The VFM technigue is an a2ffective dis-
criminant principally because of the
enriched high fiequency source spectra
of explosions relative to comparable
earthquakes.
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IV. BODY WAVE MAGNITUDE AND YIELD DETERMINATION

4.1

In Section II we discussed the results of our participa-
tion in the discrimination experiment conducted by VSC. Our
discrimination was done with the MARS program which automati-
cally detects a signal and computes variable frequency magni-
tude, ﬁb(f), at two frequencies, one high and one low. These
two mb(f) values are not directly comparable to conventional
my values, which are usually computed from the time signal which
is dominated by frequencies near 1 Hz, a value between the high
and low frequencies for the Eb(f) calculations.

An automated magnitude measure called ﬁb was described
in reports by Bache (1979) and Bache, et al. (1979). This
magnitude is based on the spectral amplitude in a narrow win-
dow in both time and amplitude. The algorithm for computing

A

m, is closely related to that used to compute the Eb(f) values

uged for discrimination.

The &b was applied to a data set including recordings
cf eleven Pahute Mesa explosions at six teleseismic stations.
The &b was found to be at least as good a magnitude measure
as the most carefully determined time domain my, . This con-
clusion is based on a comparison of m and ﬁb in terms of the
scatter in network magnitude estimatss and in the magnitude-
log vield relationship.

4.2 OBSERVATIONS OF SEISMIC WAVES FROM SPALLATION ASSOCIATED
WITH UNDERGROUND NUCLEAR EVENTS

During the contract period we did twoc independent studies
addressing the effect of spallation on the seismic waves ZIrom
underground explosions. One of these was an analysis of the
near-field recordings of MERLIN and was described by Murphy and
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Bennett (1979). The second was a synthetic seismogram study
of three Pahute Mesa explosions described by Bache, et al.

(1979). 1In this section we give a unified presentation of
those results.

The existence and general character of the spallation
associated with contained underground nuclear explosions is
well documented by studies of ground motion recordings in the
vicinity of the explosions. Spall closure or slapdown is a
source of seismic waves which are commonly observed on accel-
erometer recordings. These slapdcwn phases are gquite high
freguency and would generally not be expected to propagate to
large distances due to the attenuating character of the earth.

From an entirely different perspective, several seis-
mologists have advanced the hypothesis that certain secondary
arrivals on teleseismic (> 3000 km) recordings of nuclear
explosions are due to spall closure. These arrivals are much
lower fregquency (about 1 Hz) than the slapdown pulses usually
identified on near field recordings.

In this se~tion we have two points to make. First, we
will show one particular example, MERLIN, in which a low fre-
quency pulse which appears to be due to spall closure is identi-
fied on shot-level ground moticn recordings. While we cannot
be certain that this is typical for underground explosions,we
point out that MERLINM is nearly unigue in having shot level
gauges at large scaled ranges that have been integrated to
highlight the long period energy.

The second point is that a secondary arrival observed
on teleseismic recordings of Pahute Mesa explosions has arrival
time and amplitude that is entirely consistent with independent
estimates for these events. This gives additional credibility
to these estimates for the dimensions of the spall plate as a
functicon of explosion yield.
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4.2.1 Analysis of MERLIN Data

MERLIN was a 10 KT (Springer and Kinnaman, 1971)
nuclear explosion which was denoted at a depth of about 300 m
in Yucca Flat alluvium. Figure 23 shows an approximate sub-
surface geophysical profile together with the locations of the
shot depth recording stations which will be considered here.
Figure 24 shows the radial component acceleration, velocity
and displacement data recorded at Station U6 at a range of
488 m. The late time, low frequency phase which is of interest
is identified by the dashed line. Notice that due to its low
frequency character, the signal is barely eveident on the ac-
celeration trace, but becomes increasingly important with each
successive integration. This may explain why such phases have
not been identified in previocus studies which have concentrated
on acceleration data. Figure 25 shows the radial displacement
time histories recorded at the four different observation
ranges. The most diagnostic characteristics of this pulse
appear to be: (a) late arrival time (v~ 1.5 seconds), (b) rel-
atively low frequency (v 1 Hz), (¢) mcderate horizontal chase
velocity (» 1,800 m/sec), and (d) nearly constant amplitude
over the range of observation. We have considered three possible
sources for this arrival: (1) free surface reaflected phases
(i.e., pP or pS), (2) reflections from a deep interface, and
(3) signals generated by spall closure. Figure 26 shows that
the observed arrival times are not consistent with what would
be expected for pP or »S. This, together with inconsistencies
between the observed and expected amplitude behavior, allows
us to exclude surface reflected phases as the source of the
observation. Similarly, if the pulse represents a reflection
from a deep interface, the late arrival time constrains the
interface to be at a depth of 1 km or more, and the apparent
velocity across the shot depth stations £rom a reflection at
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this depth would be expected to be much greater than the

observed apparent velocity of 1,800 m/sec.

Having eliminated surface reflections and deep reflec-
tions as explanations of the observations, we are left with
the spall closure mechanism. Figure 27 shows the MERLIN verti-

cal acceleration time histories recorded on the surface at
distances from 30 to 152 m from ground zero. A simple calcula-
1 tion reveals that a P wave originating from this region at

{. the time of the last significant closure pulse (v 1.15 sec)
indicated by dashed lines on this figure, would be expected

to arrive at the shot level staticons very close to the observed
arrival times of the phase under investigation. This observa-
tion prompted a more detailed analysis of the near field dis-

TSy
- ‘

placements to be expected from spall closure.

Al an

’

A series of simple elastodynamic finite element simula-

vy

tions of spall were carried out in which a cylindrical region

of radius r, and thickness ho was simply assigned an initial,

F radially degendent, vertical velocity V. The parameters for
the series of calculations which have been performed are sum-
marized in Table 1 where they are compared with those pre-
!! dicted by the scaling laws deduced by Viecelli (1973) from a
study of the near scurce data from six NTS explosions. The
g guantities v0 andé Vl in these simulations were selected to
give absolute displacement amplitudes which match the cbserved
f @ amplitude of the late time pulse at the 335 m range station.
Figure 28 shows the radial displacement time histories computed
using Model IV. This mcdel appears to be physically plausible
in that the spall dimensicns are within the limits delineated
X by the surface observations, the initial spall momentum is
conically distributed with respect to radius anéd the total

spall momentum is within about a factor of two of Viecelli's
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TABLE 1

DESCRIPTION OF MODEL PARAMETERS FOR SPALL CLOSURE

CALCULATIONS
Spall Spall v v Total
Radius Thickness 0 1 Impulse
Model (m) (m) (m/sec) (m/sec) (Nt-sec)
r
C Model I 150 60 1.28 0.0 0.98 x 10%0
)
4 Model II 150 60 0.0 3.07 0.78 x 10%°
s
Model III 300 60 0.54 0.0 1.65 x 10%0°
e Model IV 300 60 0.0 1.28 1.30 x 10%0
Viecelli 230 50 0.0 5.6 2.79 x 1039
(1973)
{ o= |V + V) (l - %—)} H (r, - 1)
0
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empirical estimate. Comparing with Figure 25 it can be seen

that this simulation successfully matches the MERLIN ocbserva-

tions to the extent that the first arrival time

S are correct,

the amplitudes a* the near stations are reasonable and the

pulse shapes roughly resemble the observed pulses in that they

consist of an outward motion followed by a rath

caying inward motion of about the right period.

er slowly de=-

However,

some discrepancies are also evident. In particular, the pre-

dicted amplitude of the positive rhase is too large relative

to that of the negative phase and the amplitude
outed pulse decays much more rapidly with range

of the com-
than that of

the observed. These are probably indications that our elasto-

dynamic spall closure approximation is too simp
a detailed, guantitative £it to the observaticn
the qualitative agreement is good enocugh for us

le to provide
sS. However,

to conclude

that the observed MERLIN pulse is probably induced by spall

clesure and, conseguently, that svall closure can be a

/7]

ource of low freguency mcticn which can be exp
a

ta <0 teleseismic distances.

79!

1.2.2 Analvsis of Teleseismic Data

In Figure 29 we show recordings of the P
Panute Mesa explosions., These seismograms were
Houlten, Maine, at a distance of abcut 4,050 km
ranged in order of increasing scurce-tc-surface

fdetermined frcm a ground zero sauge). This is

L

al

14
§

order of increasing depth and, therefcre, v

There is a distinct secondary arriv

a
2ach seismogram. This arrival has amplitude czr
Ty

ected to propa-

wave from 11
recorded at
ancé are ar-
travel time

rouchlyv in

1, marked PS, on

ocor+<icnal %o

vield; that is, it stavs the same size with resgect to <he P

wave which arrives first. I+ts arrival “ime is

h
vional to iAt; +<hat is, 1- arrives later when the source-tc-
g a

surface travel <ime iacreases. These Z=2atures
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consistent with what might be expected for a phase due to
spall closure. Other stations show much the same thing.

For Pahute Mesa explosions we have a fairly good esti-
mate for the explosion source function as well as the other
parameters needed to compute a synthetic seismogram at
Houlton, Maine. The next step in this analysis is to compute
synthetics for these explosions. These synthetics will be
dominated by the direct P and free surface reflected pP from
the explosion. Having computed the synthetics for the explo-
sion, we add a surface impulse force to represent spall clo-
sure. This impulse is characterized by two parameters: its
amplitude, <I>, and lag time, TL' with resvect to the explo-

sion.

Studies of the near field gauge records by Viecelli
(1973) and Scbel (1978) provide independent estimates of <I>
and TL in terms of scaling laws with respect to explosion
vield and depth. These estimates are not very precise and
are not Zor these specific events. Therefore, our approach
Wwas to {(l) adjust <I> and TL to obtain gocd agreement with
the cobservations, andéd (2) compare the inferred <I> and TL
with the estimates of Viecelll and Sobel. W. nmoint out that
the <I> and TL estimates obtained in (1) should be as accurate
as our knowledge of the explosion source function. We com-
zare to the Viecelli and Sobel estimates to demonstrate the
consistency of the results from two entirely independent

methods.

The constructicon of the synthetic seismograms for three
of the events is shown in Figure 30. We show the seismograms
for P and for P + P for each event. The small oscillations
later in the records are due to reverberations in the layering
used to model the sarth. The Ps phase has the same shape for
all three events since the source is an impulse Zorce. If a

large mass of material is spalled, we would expect a

(o)
o
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substantial degradation of the energy in the pP pulse. To
account for this, we simply cut the pP phase in half. A re-
duction of pP by such a factor does perceptibly improve the
agreement with the observations.

The final composite seismograms are compared at the
bottom of Figure 30 and in Figure 31 where they are overlain.
The my, is a logarithmic quantity, the magnitude, which indicates
the amplitude of each record.

The agreement of synthetic and observed seismograms is
guite good. Recall that these records were recorded more than
4,000 km from NTS. The parameters for the Ps that give this
agreement are listed in Table 2. We see that the <I> and tL
inferred from the teleseismic records are in good agreement
with the estimates of Viecelli and Sobel. That is, they are
well within the scatter of the estimates from the near field

data.

In summary, Viecelli and Sobel estimated the spall
plate dimensions from high frequency pulses recorded on near
source accelercmeters. These dimensions, in turn, can be
used to estimate the spall closure impulse. From our study

we conclude that:

1. A low freguency pulse consistent with the
Viecelli and Sobel estimates can be seen on the
shot level gauges from at least one explosion,
MERLIN.

2. Teleseismic body wave recordings of Pahute Mesa
explosions have a secondary arrival which is also
consistent with the Viecelli/Scbel estimates and,
therefore, with the low Zrecuency pulse obserwved
on the MERLIN gauges.
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TABLE 2

PARAMETERS FOR THE Ps PHASE IN THE SYNTHETIC SEISMOGRAM

CALCULATIONS
[ MAST CAMEMBERT FONTINA
1 Spall Impulse 14 14 14
: (dyne-sec/kt), <I> 10 x 107w 14 x 10w 9 x 107w
& P-P_ Lag Time
. (8ec) , £ 1.43 2.10 2.04
X
&
f Estimates of <I> From Near Field Data
L .
~ Viecelli (1973): 4.6 x lotdw
! Sobel (1978): 21-25 x 10t%w
(4
]
s
}
h
[
o
F
e
f
o
.
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4.3 APPROPRIATE VALUES OF t* FOR TELESEISMIC BODY WAVES
FROM NTS EXPLOSIONS

A convenient way to account for anelastic attenuation
in synthesizing teleseismic body waves is via a causal Q
operator with amplitude exp [-7f t*], where f is frequency
and t* is the ratio of travel time and effective path Q. 1In
this formulation Q is assumed to be frequency independent,
which is a reasonable assumption as long as the operator is
applied over a narrow frequency band. However, in selecting
an appropriate t*, one must consider that Q values deduced
from data in another frequency band may not be valid for the
frequency window of interest.

At S® the study of teleseismic body waves from NTS
explosions has emphasized the analysis of source differences
and most of our computations are for stations in Alaska and
HNME. The t* values used in our computations, about 1.05 for
Alaska and 0.8 for HNME, were selected to achieve the best
£it to the observations in both amplitude and freguency con-
tent. There are, ¢f course, tradeoffs with the earth models
used to compute the elastic attsnuation, the crustal models
for the local socurce and receiver regions, and the source

function.

In FPigures 32 and 33 we show comparisons of synthetic
and observad seismcgrams for stations in Alaska and HNME.
Figure 32 is from Bache, et al. (1975). The source f{unctions
for that study were computed with finite difference technigues.
For the seismograms of Figure 33 the semi-empirical source due
to Mueller and Murphy (l1971) was used. These seismograms
(from Bache, et al., 1979) also include a contribution from a

secondary phase assumed to be spall closure.

The finite difference computed and Mueller/Murphy source
functions lead to essentially the same conclusions about zhe

best value for t*. The effect of choosing a different value
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for t* is indicated by the example in Figure 34. Values of t*
much different than 0.8 would require a substantial adjustment

in our ideas of the corner frequency and amplitude of the
source spectrum and/or the earth structure controlling elastic

attenuation.

How could the analysis we have just outlined be wrong?

There are basically two places for the error to arise:

1. The elastic attenuation (geometric spreading)
might be much larger than we assume at those
stations that control our t* estimate.

2. The source RDP might be much smaller and
have lower corner fregquency than we assume.

The implicit assumption is that all path
effects are frequency-independent except for
those represented by the t*. This is a
reasonable assumption and is consistent with
the frequency-domain method for estimating t*.

The second category is a more complex and likely source
for errors. Effects unaccounted for in estimating the source
RDP may be much more important than we think. However, to
match the data with a t* = 0.4, the "real" RDP must have an
amplitude smaller by about a factor of three and a corner
frequency smaller by about a factor of two than our conven-
tional estimates.

To give some idea of the conventional view of geometric
attenuaticn, we 2lot in Figure 35 the P wave velccity profile
for three conventional upper mantle models. The turning depth
for P waves is plotted versus range in Figure 36. For tele-
seismic ranges, the models have little character and the
spreading is close o 2"l 1n Figure 37 we shcw the FONTINA
synthetics at HNME for several earth models. The changes ars

guite small.

One interesting feature of this comparison is that the

C2 synthetic is much more like the data in the amount of energy
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® in the coda. This is scattered energy from deep reflectors
and is accompanied by a reduction in the magnitude of this

synthetic. However, it is difficult to ascribe too much mean-

LA aut ms an ) e

ing to this because some of the coda energy is probably assoc-

(] iated with the source since it is not a consistent feature of
the suite of seismograms plotted in Figure 29. ©Note that
FONTINA has the largest coda of the suite.

e Finally, we point out that the t* values chosen by

€itting synthetic and observed seismograms apply to the fre-

guency window of 0.5 to 2.0 Hz. Values controlled by d4if-
ferent frequencies, say 3 or 4 Hz, could certainly kbe different.
in fact, observed seismograms often have more high (> 2 Hz)
Zraguency energy than synthetics computed with our t* values.
This may be an indication that t* is smaller {(Q is larger) 2at

these freguencies.
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V. SMALL SCALE EXPERIMENTS

5.1 INTRODUCTION

For these experiments, we initiated a small spherical
high-explosive (HE) charge located within a block of grout.
On the surfaces of the block, measurements were made of the
motion due to the stress wave propagated through the grout.
Nominally, the known performance of the HE charge and the
controlled, uniform properties of the medium would make this
configuration amenable to code calculations. Thus the primary
objective was to acquire data for comparison with code pre-
dictions. A secondary objective was to evaluate changes in
the free-surface motion due to changes in the gecmetry of the

charge's confinement.

In a previous report (Coleman, et al., 1979) we de-
scribed the development of the miniature spherical charges.

Here we give details of the experiment design and the results.

w
.
N

EXPERIMENT DESIGN

Three grout blocks were prepared and tested. Each one
was about 610 mm bv 610 mm sguare (in the horizontal direction),
1.22 m high, and contained four charges; see Figure 38. One
charge (C#l) in each block was £fully tamped and located on the
central axis of the block at a height of 305 mm. A second
charge was located at an end of a small two-to-cne aspect ratio
cylindrical cavity aligned with a vertical edge oif the block.
The cavity was placed so that the charge was on the central
axis of the block at a height of 0.92 m; see Figure 39. (Gauge
locations are also shown in this figure; the small arrows de-
note positive signal direction. The PVC cavity had an inner
diameter of 10.2 mm, a wall thickness of 0.78 mm and a length
cof 20.3 mm.) A third charge was like the first charge Zut at
a neight of 610 mm. The last charge, fully tamped, was gcsi-

tioned at a height of 610 mm but off axis so that it was 254 mm

SYSTEMS. SCIENCE AND SOFTWARE
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below surfaces 3 and 4 (Figure 40). The purpose of the cavity
charge (C#2) was to assess the effects of source asymmetry,
and the off axis position of charge #4 was chosen to give

some information of the variation of the measured free surface
motion with distance from the detonation. The charges were
first attached to an array of 0.3 mm diameter wires within the
form used to cast the blocks. Then the grout was poured into
the form; this ensured intimate coupling of the charges to
the grout.

The primary instrumentation consisted of probes* to
measure the displacement normal ("vertical") to the top (V1)
and side surfaces (V2 through V3). Transverse ("horizontal")
displacement was also measured on the top surface (H1l) and two
of the vertical sides (H3 and H3). See Figure 41 for details
on the ianstallation of these sensors. Supplementary motion
data were provided by accelercmeters (A2 and A4); mounted on
sides 2 and 4. All signals were recorcded on a FM instrumenta-
tion tare machine with response from dc to 80 kHz.

All the charges in each grout block were firead on the
same day, tyoically with an hour between shots. The motion
gauges on the sides of the block were relocated between tests
so that they were always located at the corresponding height
of the charge. On the first block, three of the charges did
not detonate, probably due tc inadequate waterproofing of the
charges. Data £or the one good shot were of low guality due
to noise from the high vcltage detonating unit. For the other
two blocks, all charges Zfunctioned and we discuss some of the
results below.

*These were eddy-current gauges manulactured by Xaman Science
Corporation with 2 full scale range of 5300 micrometers and
frequency response £rom DC to 30 kHz (3dB). Sensitivity is
2 millivolt per um.

*These were piezoresistive bridge type units macde by Endeveo
Corporation, model 2264A, rated to 50,000 g's (%5x103 m/s?)
from DC to over 50 kHz. Nominal sensitivity is 1 microvolt
per m/s2.
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Probe
. 0.076 mm thick Al- Signal
Horiz. - . - . Cable
. foil disk, 9mm dia,
Displacement lued to arout
Probe Kl g
Signal
B Elo mm |
Cutout 38 mm =
in grout '
block surface 305 mm

Section view of gauge placement detail.

To charge

(Probes

were mounted on an ex+ternal support and held at
a nominal 0.2 mm from the Al disks.)
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5.3 RESULTS FOR THE SMALL SCALE EXPERIMENTS

The grout block was designed with a square cross-section
so that the charge could be "viewed" from several equivalent
directions, i.e., we wished to confirm the isotropy of the
charge and grout. Data for the fully tamped charges (Cl and
C3, on the block's centerline) matched to within the =1 um
experimental error*. Figures 42 and 43 demonstrate the similar-
ity in observed waveforms on the four sides. The arrow in
each figure denotes the relief wave that reflected off the
block walls and arrived about 105 ps after the direct P wave
signal*.

The fully tamped shots were also intended to reproduce
the results of our previous modelling experiments (Cherry, et
al., 1977). The latter showed peak free-surface motions of
5 um and a "static" displacement (after the peak) of about
1l um at a range of 305 mm from 0.25 gram PETN charges. The
loading density of the powdered PETYN was 1.0 g/cm3; the current
charges were loaded at 0.84 g/cm3 but were larger, 0.4 gram
total. The present results are consistent with our previous
observations; in particular, the "static" displacement feature

is quite evident.

The earlier tests shcwed an anomalous S wave signal
which exceeded 1 um in amplitude. This signal was attributed
o asvmmetric tamping of the charge. The present data, with
an improved charge placement technigue, do not show significant
S wave anomalies except when there were asymmetries in the
charge's vicinity; see the horizontal gauge records shown in
Figure 44. The observed P wave arrival (from Figures 42 and 43),
the estimated time for arrival cf a S wave and the side-wall

relief wave arrival are noted in this figure.

*This error is orimarily due to the random electronic noise

in the displacement gauges' signals.

+The data for all of the shots imply a P wave velocity of 3.5

x 103 m/s and a 5 wave velocitvy of 2.3 x 103 m/s in this groux.
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The data from the cavity shots (C2) do show very pro-
nounced differences from those for the fully tamped explosions.
The vertical motion waveshapes depend strongly on the direction
relative to the cylinder's axis; see Figures 45, 46 and 47. Gauges
V3 and V4 were closest to the void space in the cavity; their
waveforms are roughly similar, remaining high after the initial
oeak. Gauges V2 and VS were closest to the charge end of the
cavity; their shapes are also comparable, showing a rapid de-
cay after the initial peak. Significant S wave signals are
also present; see Figures 48 and 49. Postshot, we removed a
core sample containing the HE cavity. The initial dimensions
of the cavity, 10 mm diameter by 20 mm length, had increased
to about a 15 mm diameter and a 32 mm length. Thus the final
volume remained strongly asymmetric, due in part to the rela-

tively low detonation product pressure (estimated at 2 GPa).

Table 3 summarizes peak motions measured by most of the
gauges on all eight tests. We note two major features. TFirst,
there were systematic differences between the blocks in peak
displacements and the shape of the acceleration records;
see, Zfor example, Figure 50. While the blocks were intended
to be similar to each other, the grouts were in practice dif-
ferent. The most obvicus deviation is in the unconfined com-
oressive strength of the core samples taken after the tests.
3ix samples from the second block showed an average strength
of 22 MPa with a standard deviation of *2 MPa. For the third
block, the strength was 35 & 3 MPa. A second Zeature in the
data for charges 1, 3 and 4 is the attenuation ol the peak
normal motion. Compare the peak displacement for V1 with the
other vertical component data; for charge 1, V1 was 0.91 m
distant; for charges 3 and 4, V1 was 9.60 m Zrcm the axplosive.

While these results confirmed the orincipal details of
our earlier work and demonstrated the effects of extreme source
asymmetry, a significant exgerimental oproblem was not sclved.

For all but chargce 2 in the second block, the explosive di
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not experience a prompt high order detonation. Typically
there was a several hundred microsecond delay between the
high voltage firing pulse (i.e., explosion of the bridgewire)
and initiation of the PETN explosive. We believe that the
heat and vibration* involved in preparing the grout block
compromised the contact between the bridgewire and the PETN
powder. Some amount of PETN burned first before a full deto-
nation spread to the majority of the explosive. Hence it will
be difficult to accurately model the behavior of these charges.
We do note that the influence of the delayed detonation is not
as striking as the effects of charge asymmetry and grout
strength.*

*The grout is vibrated after pouring to help release trapped
air bubbles.

+Since completing these experiments, we have identified a
commercial source of charges that perform without delay.
Since these charges use high density PETN (1.7 g/cm3),
the detonation product pressure exceeds 10 GPa.
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APPENDIX A

ABSTRACTS OF TECHNICAL REPORTS SUBMITTED TO AFTAC/VSC
MAY 1975 - DECEMBER 1979

A.l QUARTERLY REPORTS

e August 1975, "Improved Yield Determination and
Event Identification Research," J. T. Cherry, N. Rimer, J. M.
Savino and W. 0. Wray, SSS-R-75-2696, 28 pages.

A one-dimensional parameter study which identifies the
depencence of teleseismic magnitude on near source material
properties was carried out. The major results of the material
parameter sensitivity study mav be summarized as follows: (1)
increasing the air-filled porosity greatly reduces seismic
coupling; (2) if any parameter describing the yield surface
is varied such that the material strength is reduced, seismic
coupling may be substantially enhanced; (3) seismic coupling
is relatively insensitive to water content; a slight decoup-
ling is observed with increasing water content; (4) increas-
ing the overburden p:essﬁie substantially reduces seismic
coupling.

The near-field coupling and the equivalent source wers
computed for the recent underground explesion, MAST, at Pahute
Mesa. The next step is to generate synthetic seismograms
for this event at racently specified receiver locations. The
enhanced computational capabilities for trea+ing realistic
earth structures will be exercised in this experiment.

e November 1975, "Improved Yield Determination and
Event Identification Research," J. M. Savino, T. C. Bache,
T. G. Barker, J. T. Cherry and W. 0. Wray, SSS-R-76-2788,
42 pages.

Telesesimic ground motion predictions for the recent
Pahuta Mesa explosiocn, MAST, were guite successiul in terms
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of both amplitude and waveform matching. The predicted short-
pericd body wave amplitudes were within 30 to 50 percent of
the observed amplitudes at most of the SDCS stations. In ad-
dition, the general character of the first few seconds of the
P wavetrains at the various SDCS stations were matched in
reasonable detail.

A tension failure model that describes the ‘evelopment
of a region of enhanced tension failure (crackin«c produced
during stress release behind the interacting shoc fronts from
closely spaced explosions was developed. Calcul: ms for a
multiple explosion scenario (three closely spacec - . losicns
detonated simultaneously) were carried out into the elastic
region using the two-dimensional CRAM code with the new
material failure model included.

e February 1976, "Improved Yield Determination and
Event Identification Research," J. M. Savino, SSS-R-76-2870,
64 pages.

Comparison of computed and cbserved short and long
Jeriod seismograms for the Pahute Mesa explosion, MAST, were
made with respect to amplitude, waveform and travel times.
Travel times were closely matched as were the waveforms for
surface waves recorded at the SDCS stations. For body waves
a number of the SDCS stations are within the triplication
range and the waveform match was far f£rom ideal. Still,
amplitudes for both body and surface waves were matched to
within 30 percent and were much closer in most cases.

e May 1976, "Explosion Source Mcdeling, Seismic Wave-
form Prediction and Yielé Verification Research,"” T. C. Bache,
T. G. Barker, J. T. Cherxry, N. Rimer and J. M. Savino, SSS-
R-76-2924, 54 pages.

The theoretically computed and observed amplitudes of
both b and é (maximum) body wave phases for KASSERI agrae to
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well within a factor of two at all of the five SDCS stations.
Minor adjustments of the upper mantle model could improve
the agreement at all the SDCS sites.

Computations of the effect of material strength on
teleseismic body wave amplitudes indicate that the amplitude
of the b phase increases with decresasing strength; the rate
of increase being more rapid at lower levels of material
strength. An additional effect is that the apparent period
of the b vhase increases rapidly with decreasing strength due

to 2 shift in the corner ireguency of the source spectrum.

Further verification of the explosion source mcdeling
code, SKIPPER, was achieved by comparison of £ree-field ground
motion calculations and observations for the PILEDRIVER and
GASBUGGY explosions. In the case of PILEDRIVER, the exercise
of a recently developed elastic wave propagation code veri-
fied that the observed PILEDRIVER RDP was not affected by re-
flected waves froem the free surface or from lavar interfaces
in the source region.

Excellent free-field ground motion measurements and
material properties data ars available for the GASBUGGY explo-
sicn. The computed RDP, emploving these data, agrees guite
well with the measured RDP, increasing our confidence in the
constitutive modeling of the exvlosion source and ultimately
the teleseismic ground motion predictions based on these
source calculations.

e August 1976, "Explosion Yield Verification, Multiple
Explosion Scenarios and Three-Dimensicnal Seismic Modeling
Research," D. G. Lambert, C. F. Petersen and J. M. Savino,
S358-R-76=-2993, 46 pages.

A procedures for directly inverting teleseismic ground
motion data in order to obtain estimates of explosion yields

was developed. The particular inversion scheme emploves 2
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a deterministic modeling capability which predicts the tele-~

ERdCRSCI AN

seismic ground motion from a nuclear explosion. This pro-
cedure supplements expected data exchange packages that provide
information on the near explosion source environment.

Experiments involving computer simulation and decompo-
sition of multiple explosicn scenarios were recently initiated.
Application of narrow-band filtering to synthesized multiple
event seismograms has yielded accurate determinations of the
relative amplitudes and time separations between individual
explosions in the multiple explosion event examined.

Preparations are nearing completion for a series of
three-dimensicnal seismic modeling experiments. The intent
of these experiments is to measure differences in signals
between single and multiple sources and between near surface
and deeply buried sources. Theoretical explosion calculaticns
will be comparsd to the experimental results.

e Jaruary 1977, "Seismic Studies for Improved Yield

Determination," T. C. 3Bache, J. M. Savino, M. Baker and P. L.
Coleman, S$SS-R-77-3108, 30 Dages.

3 The report summarizes the results of the first three
V months of research on a contract whose main objective is to
examine the parametars that affact the seismic signals £from
undergreound explosions. Results ars prassentad f{rom research
- in five areas: (1) theocrstical teleseismic magnitudes (MS
@ and mb) were determined Ior a series cf nuclear explosion
cratering calculations carried out by Apvlied Theory, Iac.;
E;‘ {2) the relative fregquency content of signals frem U.S.S.R.
. ané U. S. explosions wera studied by comparing the periods of
e the first few cycles of racordings f£rom several stations at
teleseismic ranges: (3) some improved technigues wers de-

Y

veloved for computing the eguivalent pocint source representa-
tion for explosions in highly porous matarials; (4) the
dependence of body wave magnitude on vield for underground

T
e
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explosions in salt was studied and compared to that for ex-

L G SAr

plosions in granite; (5) small scale experiments were carried
out in which underground explosions were modeled by 0.25

e

gram charges embedded in concrete.

e April 1977, "Seismic Studies for Improved Yield
Determination," T. G. Barker, M. Baker, P. Coleman, and D. G.
Lambert, SSS-R-77-3191, 48 pages.

The report summarizes the results of the second three
months of research on a contract whose main okjective is to
examine the parameters that effect the seismic signals from
underground nuclear explosions. Results wers presented on
rasearch in five areas: (1) data pertinent to regional bias
in m, and Ms in the United States and central Asia were sum-
marized; (2) signals simulating those f£from multiple explosions
were deccmpcsed and scaleé by narrow-pand £filtering methods:
(3) numerical simulations of contained explosions were com-
pared with previous laboratory simulations; (4) laboratory
exreriments of cratering explosions were completed using 0.25
gram charges embeddéed in concrete:; (5) the primarv £factors
controlling amplitude-vield scaling at regicnal distances
wera investigated.

e July 1977, "Seismic Studies for Improved ¥Zield
Determination,"” T. C. Bache, ?. L. Goupillaud and 3. F. Mason,
S88-R’~77-3345, 65 pages.

Results are presented from research conducted during
the quarter £from April to June 1977. Work in three research
areas is discussed:

1. The dependence of observed surface wave amplitudes
on explosion vield and the characteristics of <he
emplacement medium is reviewed. Surface wave data
compiled by othersare used in conjunction with a
new data set consisting of Airv phase amplitudes
from the WWSSN stations ALQ and TUC.
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2. The theoretical dependence of surface wave ampli-
tude on the important controlling parameters is
discussed. Attention is directed to the assump-
tions of the theoretical models and their conse-
quences.

3. Preliminary results are oresented for the development
and testing of a deconvolution technique for analyz-
ing short period teleseismic recordings of explo-
sions.

e October 1977, "Seismic Studies of Surface and Body
Waves for Improved Yield Determination,"” T. C. Bache anéd W.
L. Rodi, S$SS5-R-78-3448, 79 pages.

The majority of the report is devoted to describing the
rasults of two research projects not previously reported. One
of these, "Determination of Crustal Structurza Zrom Surface
Wave Dispersion Data," describes a racently developed methed
for obtaining crustal structure ané gives results from appli-
cation of this method to two paths in the southwestern United
Statas: Nevada Test Site (NTS) to Albuquergue, New Mexico and
NTS to Tucson, Arizona. Phase and group velocities are de-
termined Zfrom NTS explosion recordings. These data are used
in a formal generalized inversion procedure to determine
crustal s:tructures that are also consistent with other avail-
able data about the region; e.g., Pn vaelocities. Theoretical
seismograms computed with the new crustal models shcw remark-
able agresement with observations of NTS explosions at the two

stations.

The second research study described is entitled, "Small-
Scale Laboratory Simulations of Explosion Produced Bedy Waves -
Implications for the taleseismic Signatures of Underground
Nuclear Zxplosions." Small scale lakoratory experiments were
carried out to measure the ground motions from spherical
charges. There were two classes of experiments; one ia which
the ground motions were free-field and one in which they in-

cluded a Sree surface effact. 0OFf the lat+ter, scme were Juite
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shallow and cratered. The most important feature of the ex-
Perimental data is a large negative pulse that occurs at
late-time in the experiments that include free~surface effects.
Much of the study is directed toward determining the effect

a pulse of this kind would have on the teleseismic body waves
from nuclear explosions and mb-log yield relations. 1If a

late arriving negative pulse like that in the experimental
data also occurs in underground nuclear explosions, the effect
is to lower the slope of the mb-loq vield relation. This may
explain why observed slopes are lower than predicted by
theoretical models in which the free surface is represented
elastically.

e January 1978, "Station Transfer Functions, Analysis
Qf P-Wave Residuals and Summary of Current Research,"” J. F.
Masso, J. M. Savino and T. C. Bache, SSS~-R-78-3539, 80 pages.

Brief summaries of work are given in four topic areas:
Source Studies, Data Analysis, Surface Wave Studies and Body
Wave Studies.

_ Also included in the report is a detailed description

S of a research project not previocusly reported. This study

." is entitled, "Worldwide Observations of P-Wave Travel-Time

Residuals.” A large set of residuals compiled frem ISC bul=-

! letins by Georges Poupinet of Institute de physigque du Globe

: were compared with other data Zrom the United Stataes. The

E. conclusions are that; (1) large negative residuals correlate
with low heat flow and positive magnitude bias, and (2) large
positive residuals correlate with high heat flow and negative
magnitude bias. The same correlation between heat £low and

L travel-time residuals holds for stations leccated on the
Russian and Siberian ?latforms in the U.S.S.R.

e April 1978, "Analysis of Explosion Generated Sur-
face Waves in Africa, Results frem the Discrimination
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Experiment and Summary of Current Research,” W. L. Rodi, J.
M. Savino, T. G. Barker, S. M. Day and T. C. Bache, SSS-R-78-
3653, 92 pages.

The majority of the report is devoted to presentaticn
of results not previocusly reported from four research pro-
jects. The first is entitled, "Discrimination Experiment."”
Digital short- and long-period body and surface wave data for
Eurasian events recorded at a global network of stations are
being provided for event discrimination. Efforts to date
have focused on the application of the VFM (variable fre-
guency magnitude) discriminant to the short periocd P waves
at four stations. Thirteen events have been analyzed and
tentative identification has been made.

The second project is entitled, "Analytic Continuation
of the Elastic Field from a Complex Source in a Halfspace."
We present the mathematical develorment of a method for link-
ing finite difference numerical source calculations in a
halfspace with analytical technicues for propagating elastic
waves in layered media.

The third detailed discussion, "Theoretical Computa-
zion of Lg," is concerned with the theoretical generation of
LG in a continental earth mcdel. Svnthetic seismograms ace
shown for several ranges and source depths. The fourth
topic is, "Analysis of Surface Waves from the French Test
Sitea in the Sahara." For an underground explosion in Algeria
surface wave recordings Zrom five staticns in or near Alrica
were analyzed to determine the phase and group dispersion.
Using formal linear inversion, these data were inverted to
obtain preliminarv models Zor the crust and upper mantle
along +he £five zaths. Using these models, synthetic seismo-
grams were computed and were found to be in good agreement
with the observations at most of the staticns.
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® August 1978, "Source Studies, Results from the
Discrimination Experiment and Summary of Current Research,”
J. M, Savino, N. Rimer, H. J. Swanger and T. C. Bache,
SSS-R-78-3736, 68 pages.

The majority of the report is devoted to presentation
of results not previously reported from three research pro-
jects. The first is entitled, "Discrimination Experiment."
Digital short and long period body and surface wave data for
Eurasian events recorded at a global network of stations are
being provided for event discrimination. Efforts to date have
focused on the application of the VFM (variable frequency
magnitude) discriminant to the short period P waves at eight
stations. Twenty-eight 2vents have been analyzed and tenta-
tive identification has been made.

The second project is entitled, "Surface Wave Solution
for the Elastic EZquivalent of a Complex Axisymmetric Source."
In our last quarterly report we presented the mathematical
development of a method for linking finite difference numeri-
cal source calculations with analytical technicues for propa-
gating body waves in layered elastic media. In this report
the theory is extended to include the propagation of Rayleigh
waves.

The third project is entitled, "Source Calculations."
Qur one-dimensional constitutive models f£or the numerical
simulation of the explosion source were reviewed to ensure
their compatibility with our two-dimensional finite diffarence
programs. Three important improvements to the models were
made: (1) the implementation of new equations of state for
the cavity gases; (2) an improved treatment of overburden
oressure and (3) an improved effective stress model. The
new models and their effect on scurce calculations for
PILEDRIVER, SALMON and Rainier Mesa tuff are descriked.
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e February 1979, "Automated Magnitude Measures, Earth-
gquake Source Modeling, VFM Discriminant Testing and Summary of
Current Research," T. C. Bache, S. M. Day and J. M. Savino,
S8§~-R-79-3933, 98 pages.

Brief summaries of work currently underway or com-
pleted during the period from 1 October to 31 December 13578
are given in seven sections; Scurce Calculations, Discrimina-

e

tion, Yield Determination, Small-Scale Experiments, Selected
Geological Studies, Magnitude-Yield Improvements and Ground
Motion Analysis.

The remainder of the report is devoted to presentatica

S 1'vv=' L
R .

of results not previously reported Zrom three research pro-

jects. The first is concerned with the development and test-
ing of an automated spectral body wave magnitude called ﬁb.
The %b is based on the spectral amplitude of the recorded
signal in a narrow window in both time anéd frequency. For
comparison to the ﬁb’ time demain m, is computed Zor each re-
cording with a semi-automatic technigue in which all records
are prefiltered to appear as if recorcded by the same instru-
ment. Amplitucde and time measurements are made automatically
during this process. The ﬁb algorithm is tested by applica-
tion to svnthetic seismograms and to HNME recordiags ¢f Pahute
Mesa explosicns.,

The seconéd detailed discussion is entitled, "Three-
Dimensional Zarthgquake Modeling." Results frcm twe finite-
difference simulations of earthquake faulting zeriormed on
the ILLIAC computer are summarized. In one case the material
was elastic and in the second plastic vielding was allcwed
near the fault plane.

The third 3etailed discussicn is entitled, "Discrimina-

ticn EZxperiment." Two mcdifications to the MARS prcgram used
for discrimination are described. One is an algorithm Zor
correcting Zor the effects of seismic noise. The second is an
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algorithm for averaging weighted estimates to obtain the high
and low frequency magnitudes used to c¢lassify events.

e May 1979, "Small-Scale Explosion‘Experiments,
Seismic Source Calculations and Summary of Current Research,”
P. L. Coleman, S. M. Day, N. Rimer, J. T. Cherry, J. R.
Murphy and T. C. Bache, SSS-R-~79-4023, 41 pages.

Brief summaries of work currently underway or completed
in the period from 1 January to 31 March 1979 are presented.
Technical results not previously reported are given in five
sections. One describes the development and testing of small
spherical charges which will be emplaced in concrete blocks
to simulate large explosions in the laboratory. A second
section discussed an analysis of the free-field data from the
MERLIN event. The other three sections are concerned with
finite difference simulations of explosion and earthquake
sources. These include results from calculations of PILEDRIVER
and of decoupled explosions in salt. Also described is a
fracture criterion for three-dimensional finite difference
modeling of earthquake faulting.

e August 1979, "Two-Dimensional Calculation of
Piledriver, Analytic Continuation of Finite Difference Source
Calculations, Analysis of Free Field Data from MERLIN and
Summary of Current Research," N. Rimer, J. T. Cherzy, S. M.
Day, T. C. Bache, J. R. Murphy and A. Maewal, S$SS-R-79-4121,
158 pages.

Brief summaries of work completed during the period
1 April to 30 June are presented in the first section. The
remainder of the report is devoted %o presen€ation of techni-
cal results from four research projects. The first of these
is a two-dimensicnal finite difference calculation of «he
PILEDRIVER explosion. Excellent agreement with observed
ground motions is obtained for most ¢f the near-field measur-
ing stations at depth and ¢n the surface. The second technical
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saction describes the implementaticn and testing of a method
for computing far field synthetic seismograms from complex
source simulations like that £for PILEDRIVER. In the third
section we study a large long period arrival at late time on
near field recordings of the MERLIN explosion in alluvium.

Our study, which includes comparison of synthetic and observed
ground motions, indicates that this phase is due to spall
closure. Finally, we summarize some results from t@eoretical
seismogram studies of regional ground motions from earthquakes
and explosions.
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A.2 FINAL CONTRACT REPORTS
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e October 1976, "Improved Yield Determination and
Event Identification Research," J. M. Savino, T. C. Bache, T.
G. Barker, J. T. Cherry, D. G. Lambert, J. F. Masso, N. Rimer
P and W. 0. Wray, SSS-R-77-3038, 61 pages.

——TTY

Work performed on Contract No. F8606-75-C-0045 has been
reported in detail in a series of twelve topical and quarterly
technical reports. This final report summarizes the material

o covered in each of the technical reports and discusses the
conclusions obtained. The primary objective of the program
is to develop methods for estimating the yield of underground
nuclear explosions. The topics addressed include the model-

® ing of both single and multiple. explosions, propagation of
the resultant stress waves through realistic earth structures,
and prediction of short- and long-periocd explosion seismograms
recorded at teleseismically located receivers. The results

e of these investigations provide a theoretical framework for
expressing uncertainties in explosion yield estimates in terms
of uncertainties in the near source material proverties,
local source and receiver crustal structures, and the upper

® mantle structure of the earth.

e July 1977, "Seismic Ground Motion from Frae-Field
and Underburied Explosive Sources," J. T. Cherrv, T. G.
Barker, S. M. Day and P. L. Coleman, SSS-R-77-3349, 44 pages.

° Small-scale laboratory experiments were conducted
and analyzed to study the effect of the proximity of the free
surface on the seismic ground motions. Two classes of ex-

» periments were done. In one the charges were far from the
free surface and the free-field displacement-time histories
were measured. In the second class the charges were near
the surface and were either fully contained cor Iormed a

o crater. The charges were 0.25 g of PETN in concrete cvlinders,
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120 em in diameter and 33 to 60 cm thick. In all experiments
displacements were measured 30.5 cm directly below the charges.
The experiments produced consistent and reveatable data. A
striking feature of the ground motions for the near surface
experiments is a large long-period negative pulse which is
present whether or not cratering occurred.

The results were studied by comparing to numerical
simulations of the experiments using a Lagrangian finite dif-
ference program and published properties of the concrete and
PETN. The calculations are in good agreement with the labora-
tory data, providing verification of both the constitutive
medels and the methods.

The large, long-period negative pulse can be explained
in the context of linear elasticity. It is due to the near-
£ield interaction of the spherical wave front with the free
surface. Therefore, it does not propagate to the far-field
and is not important Zor teleseismic magnitudes.

LT T
1~ GOREREEN HERRERE

e November 1978, "Summary of Seismic Discrimination
ané EZxplosion Yield Determination Research," T. C. Bache,
J. M. Savino, S. M. Day, J. T. Cherxy, H. J. Swanger andé N.
F Rimer, $SS-R-79-3847, 127 pages.

t

This report summarizes the work accomplished in a
cwenty-four month research program directed toward resclution
of %technical issues arising in the seismic verification of an
e underground nuclear test ban treaty. Emphasis is on rssearch
ccnducted during the last year in five subject areas: data
{ analysis, source studies, grout exreriments, surface wave
’ studies and body wave studies.

' Results are summarized Zfor thirteen raesearch projects.

» The report also includes an aprendix in which abstracts

¢

: are listed for seventeen technical reports submittad under

i. this contract. Also included are cthe abstracts icr twelve re-
ports submitted under a preceding £ift2en month contrace.
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A.3 TECHNICAL REPORTS

e September 1975, "Seismic Coupling from a Nuclear
Explosion: The Dependence of the Reduced Displacement Poten-
tial on the Nonlinear Behavior of the Near Source Rock En-
vironment," J. T. Cherry, N. Rimer and W. O. Wray, SSS-R-76~
2742, 68 pages.

- The objective of the research presented in this report
is to determine the dependence of teleseismic magnitudes on the
nonlinear behavior of the near source rock environment. Such
information enables one to express uncertainties in explo-
sive yield estimates in terms of uncertainties in the material
properties and provides insight concerning the requirements
for collection of geophysical data at a specific test site.

A series of spherically symmetric calculations have
been performed in which the properties of the near scurce
material were varied svstematically. Outpﬁi from these cal-
culations enables one to determine the relative teleseismic
coupling efficiency of a given near source matasrial. Also,
since seismic magnitudes ara directly related to explosive
yield, this parameter study permits an assessment of uncer-
tainties in the estimated yield in terms of uncertainties of
the material properties of the test site.

e October 1975, "Constitutive Eguations for Fluid-
Saturated Porous Media," S. X. Garg, SSsS-R-76-2766, 12 pages.

This report developes constitutive relations for fluid-
saturated porous media, suitable for inclusion in standard
hydrodynamic ccdes (e.g., CRAM or SXIPPER). The theoretical
formulation is based on the models for fluid-saturated rock
aggregates previously develoved by Garg and Nur (1973) and
Garg, et al. (1975).
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e February 1976, "Prediction and Matching of Tele-
seismic Ground Motion (Bedy and Surface Waves) from the NTS
MAST Explosion,"” T. G. Barker, T. C. Bache, J. T. Cherry, N.
Rimer and J. M. Savino, S$SS-R-76-2727, 60 pages.

This report presents the rasults of a theoretical pre-
diction of the teleseismic body and surface wave signatures
of the recent underground explosion, MAST, and a detailed
comparison of the predicted waveforms with seismograms re-
corded at stations of the Special Data Collection System
(SDCS) . This study represents a comprehensive analysis oi
the MAST event involving computer modeling of <he close-in

ncnlinear ground motion precduced by the explosicn, »ropaga-
tion of the resultant stress waves through the aporopriats
earth structuras and computation of seismograms recorded at
designated teleseismic stations.

e TFebruarvy 1975, "Teleseismic Coupling from the Simul-
<arecus PCetonation of an Array of Nuclear Exvplosions," J. T.
Caerry, T. C. B3ache, W. 0. Wr2y and J. F. Masso, SSS-R-76-
2863, 26 dages.

This report prasents the rcesults of a theoretical study
under+akan o Zetarmine if teleseismic ground mction mav e
erhanced by the simultanecus detonation of a closely spaced
array of auclear explosions. The specific array analyzed
ccnsisted of three 13 kt axplosicns egually spaced 153
apart. The explosive array was assumed contained, i.e.,

.
. -
]
ir
oy
(]

coupling effects due to cratering were not include
analysis.

e May 1976, "Comparison oI Theoretical and Ctkserved
30dy and SurZfacs Waves Zor XASSERI, an Explesicn at NTS," T.
C. 3ache, T. G. Barker, M. Rimer and J. M. Savino, SSS-R-T4-
2937, 44 vages.

This repor+< orasents the resulis of a thecretizal cal-

culaticn of zhe teleseismic hodv and surface waves Zcr the NTS

114

SYSTEMS. SCIENCE AND SOFTWARE




KASSERI explosion, and a detailed comparison of the synthetic
seismograms with those recorded at stations of the Special
Data Collection System (SDCS). This study is a comprehen-
sive analysis of the RASSERI event including modeling of the
close-in nonlinear ground motion produced by the explosion,
propagation of the resulting seismic waves through the earth
and computation of synthetic seismograms at designated
teleseismic stations.

AL ¢ A SNt S R
e

e May 1976, "Teleseismic Verification of Data Ex-
change Yields," T. C. Bache, T. G. Barker, J. T. Cherry and
J. M. Savino, SSS-R-76-2941, 55 pages.

This working paper addressed the possibility of directly
inverting teleseismic ground motion in order to obtain explo-
sion yield. We accomplished this inversion via a deterministic
model which predicts the teleseismic ground motion for a
nuclear explosion. Our intent is to use the data to choocse
an analog rock whose material properties are consistent with
the data furnished in the exchange.

e November 1976, "The Derendence of Body Wave Magni-
ttde on Yield for Underground Explecsions in Salt," T. C.
Bache, J. T. Cherry and 3. F. Mason, SSS-R-77-3057, 36 pages.

In this report we address the dependence of body wave
magnitude (mb) on yield for explosions in salt. Our obhiective
is to compare saltc events in Zurasia to similar, though hypo-
thetical, events at NTS and to granite events at NTS. Our
study uses deterministic computational methods and ocur re-
sults are based on time dcmain measurements frecm syvnthetic
seismograms. The methods have been shown to give theorezical
saeismograms that agree guite well with obkservations when ap-
propriate mcdel parameters are included in the calculations.
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e January 1977, "Theoretical Body and Surface Wave
Magnitudes for Twelve Numerically Simulated Cratering Explo-
sions," T. C. Bache, J. F. Masso and 8. F. Mason, $SS-R-77-
3119, 142 pages.

The results of the Svstems, Science and Software (S?)
contribution to a study of crateriag explosions are presented.
A series of twelve numerical simulations 0% 130 k= cratering
explosions in three materials a% several depths were carried
;‘ out by Applied Theory, Inc. The data from these calculations
F wera processed to compute theorectical Zar-fiald hedv and sur-
face wave seismograms anéd Irom these -0 detsrmine a and v _,

The m, and Ms data are to he analyzed by Pacific Sierra Resea:ch.

F1 The theoretical seismogram calculations are done in a
TWwo-step process. TFirst, an equivalent elastic source rapre-
sentation of the cratering event is obtained. The wave field
is then prcoaqated through realistic lavered ear=h mcdels to
taleseismic distances. TFor this a?éiication the procedure

is found to be more accurate for the shorter period bodv waves
than for the surface waves. The m, and M M values are gre-
sented for the twelve 130 Xx= sources and for these scurces

scaled to 37.3 and 600 kt. Also given are =he values Zor
contained explosions of the same yield in the same emplace-
ment material. The contribution of the ejecta Zallback is
studied and is found to be insignificant for =aleseismic
magnitude values.

e February 1977, "Comparison of Theoretical and Ob-
served Short Period Seismograms for Scviet Explosicns ia
Salt,” T. C. Bache, SSS-CR~77-3136. (Classified Remor+=, Ua-
classified Title and aAbstract), 44 pages.

In this report we direct our attenticn %o five speciii:z
Soviet explesions in salt. These were PNE events and =he
Soviet sstimates Zor the yiald and depth of burial are avail=-

able. The contracting officer has also provided us with asti-
mates of the near-source crustal lavering for these avents.
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The question to be addressed in our report is then, with all
this information, how well can we match the recorded wave-
forms and amplitudes of these events?

e March 1977, "A Review of the Nature and Variability
of the Anelastic Prcperties of the Upper Mantle Beneath North
America and Eurasia," B. J. Mitchell and T. C. Bache, SSS-R-
77-3164, 25 pages.

All reascnable mechanisms for producing low-velocity
Zones in the upper mantle should alsoc produce zones of low
Q. The available studies of upper mantle Q and the velocity
for the same regions suggest that a coincidence of low veloc-
ity and low Q zones does indeed occur.

Seismic body- and surface-wave data indicate a sub-
stantial low velocity, low Q zone in the upper mantle beneath
western North America. The zone appears to be 150 km thick
or mora, the velocities for both P and $§ waves being lower
than typical upper mantle velocities for stable regions.

The available evidence for eastern North America indi-
cates that a low velocity zone is either absent for that re-
gion or mors zoorly developed than it is in western North
America. Most interpretations for P waves in eastern North
America include no low velocity zone. Surface wave studies
of the shear wave velocity structure beneath eastarn North
America indicate the possibility of a low velocity zone ifor
S waves, at least in some regions.

The available data for northern Europe and Asia indi-
cate that it is a stable region with velocity and attenuative
properties much like those of eastern North America. The dil-
farence in attenuative properties of the upper mantle ketween
the western United States and northern Asia might lead to
higher m values for the Asian nuclear events than for equiva-
lent NTS events, if the low velocity, low Q zone beneath the
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western United States is sufficiently thick and has low encugh
values. Thickness and Q values suggested by most published
research can easily cause m, values for events in the Basin
and Range province to be a few tenths of a magnitude unit
lcwer than events in shield regions.

e June 1977, "Simulation and Decomposition of Multiple
Zxplosions,"” D. G. Lamber%, T. C. 3ache and J. M. Savino,
SSS-R-77-3194, 66 pages.

The purpose of the study is to develop procedures Ior
using seismic measurements to verify +the number and vields
of individual explcsions making up 2 multiple event. Multiple
explosion seismograms are simulated by straightforwa-d sum-
mations of single explosion records. Several types of multiple
explosions are simulated. These include closely spaced 2cual
vield explosions (no consideration ¢iven to propagation path
effscts between explosions and receiver) and relatively more
widely spaced explosions (propagation path effects included)
of varving yields. The data employed are vrincipally close-
in seismic recordings of the Nevada Test Site explosions
abtained Zrom Sandia Lakoratories in Albugquergue, Yew Mexico.
Decomposition of the simulated multiple explosicn records is
accomplished using a series of narrow-band filters with
center frequencies ranging from 3 to 100 Hz. Ia general, our
rasults show that the narrzow-pand Zilter technigue is able to
achieve accurate time separation and amplitude scaliang. Th
limitaticn on the technigue is essentially the regquirement for
the presence of sufficient signal energy at frequencies greater
+lkan about 3.5 times the iaverse of the lag %time between ar-
riving signals.

e Octcber 1977, "IZdentifica%tion of Individual =vents
in a Muliiple =xplosion frcm Teleseismic Short Period 3ody
Wave Recordings,” D. G. Lamber= and 7. C. 3ache, 535-R-7§-
3421, 40 pages.
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The objective of this study is to detect and identify
the individual events in a hypothetical multiple explosion.
The data analyzed are simulated short period body wave re-
cordings of that event. These were, presumably, constructed
by lagging, scaling and summing a single event record accord-
ing to some formula unknown to the analysts. Data for two
stations, including both the single event and multiple event
records, were provided to Systems, Science and Software by
the VELA Seismological Center.

The data were analyzed by the MARS (Multiple Arrival
Recognition System) program which uses a series of narrow-
band filters to identify phase arrivals. Their amplitude
and arrival time are accurately preserved. The variable
frequency magnitude (VFM) discriminant is alsc computed and
the multiple explosion records are clearly identified as be-
ing £rom an explosion.

For decomposition of the multiple event the MARS out-
out for the single and multiple event records were Cross-
corrslated. Two main groups of events separated by 6.7 to
7.8 seconds, depending on azimuth, were identified. Each of
these groups appeared to include two or more explosions.

Subsequent ccmparison with the actual array configura
tion showed that the two main groups of events had been cor-
rectly identified. ThLere were two events in each group and
their lag times were correctly identified within 0.1 second.
For these four events the relative amplitude estimates were
correct within 10 to 20 percent. The actual array also in-
cluded two other smaller and later events that were not
identified by ouxr analysis.

e April 1978, "Analysis of Two Decoupled Explosion
Simulations,” T. C. Bache and J. F. Massc, SSS=-R-78-3627, 44
pages.
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Two axisymmetric ground motion calculations were car-
ried out by Applied Theory, Inc. to simulate 25 kt decoupled
auclear explosions in mined cavities in salt. One cavity was
spherical with a radius of 66 meters while the other was a
3/1 aspect ratio ellipsoid of revolution. Both had the same
volume. Results of the two calculations were analyzed to
determine the character of the teleseismic kody and surface
waves.

The spherically symmetzric portion of the field is
slightly (20 to 25 percent) smaller for the svherical cavity.
Comparing to results of tamped explosions, the decoupling
factor Zor this case is about 140 at 1 Hz. The radiation
from the ellipsocidal cavity is substantially perturbed f£rom
spherical symmetry:; the maximum S wave amplitudes are nearly
three times as large as maximum P wave ampiitudes at 1.0 Hz.
However, theoretical body and surface wave seismograms indi-
cata that the m, ané Ms values are not substantially different

for zhe two cavities.

e June 1978, "Source Amplitudes of NTS Zxplosions In-
ferred from Rayleigh Waves at Albuquergue and Tucson," T. C.
Bache, W. L. Rodi and B. F. Mason, SSS-R-738-3690, 91 pages.

Comparing cbsarved and synthetic seismcgrams, source
amplitudes of NTS explosions are inferred from Rayleich wave
recordings from the WWSSN stations at Albuquergue, New Mexico
(ALQ) and Tucson, Arizona (TUC). The potential influence o2
source complexities, particularly surface spallation and re-
lated phencmena, is studied in detail.

As descriked in earlier work by Bache, Redi and
Harkrider, the earth model for the synthetic were converted
Zrom observations at ALQ and TUC. The agreement o obhserved
and synthetic seismcgrams is qui<e good and is sensitive

to important features of the source.
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The events studied are in three distinct areas, Yucca
Flat, Pahute Mesa anéd PILEDRIVER in climax granite. All
events were below the water table and the yields varied from
40 to 200 KT. Within each group the mean static value of
the reduced displacement potential (Y ) was determined at a
fixed scaled yield, assuming a spherically symmetric point
source. The source is then modified to study the effect of:
(1) the addition of a double-couple component; (2) the addi-
tion cf a surface impulse associated with impact of the
material spalled from the surface; (3) loss of energy from
the free surface reflected waves due to spallation. Compar-
ing observed and synthetic seismograms, the extent of the ef-
fect of these secondary phencmena is cutlined.

For Yucca Flat and Pahute Mesa events the inferred
source amplitudes are in general agreement with values
obtained by other methods. The spall impulse is too small to
be of much importance. More likely to be important, especially
for the Pahute Mesa events, is the loss of energy from the up-
going waves. For PILEDRIVER the double-couple and attenuati~sn
of up-going waves dominate the source determination. Correct-
ing for these phencmena, the explosicn source level (Y ) is
considerably smaller than has usually been supposed.

e August 1978, "A Detailed Listing of the Data and
Results for the Unclassified Report: Source Amplitudes of
NTS Explosions Inferred frcm Ravleigh Waves at Albuguergue
and Tucson,” T. C. Bache, W. L. Rodi and B. F. Mason, SSS-CR-
78-3745, 17 pages.

An analysis of Rayleigh waves at the indicated sta-
tions is presentad. The objective was to infer the amplitude
and character cf the source function. This report is ia-
tended to0 serve as an Appendix to the earlier raport. De-
tailed listings of the data and the results of the analysis
are given.
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} e January 1979, "5b, A Spectral Body Wave Magnitude(U),”
(s T. C. Bache, SSS-CR-79-3901, 99 pages.

N An automated spectral magnitude called m, is described
L..

- and tested by application to recordings of eleven Pahute Mesa

explosions from six widely distributed stations. The My is
based on spectral amplitude of the recorded signal in a narrow
window in both time and frequency. It is computed by first
processing the data with a fregquency dependent series of
narrow band filters. Selected peak filter amplitudes are then

averaged over an autcmatically selected band to obtain the

S g, § Ruins Ara A0 S
'

spectral amplitude used to computed M.

For subsequent comparison to ﬁb' time domain m, is com=-
" puted for each recording with a semi-autcmatic technicque in
which all records are prefiltersd to appear as if recorded by
f the same instrument. The peak amplitude and time measure-~

ments ares then made automatically during computer processing

of the data. Instrument response variations are found to
intrcduce m, diZferances of as much as 0.2 units.

Based on a comparison of the statistics of mean net-
work magnitudes f£or each event and Zor magnitude versus lecg
vield, tae ﬁb is at least as good a measure as the time domain
ﬁb. In addition, the m, can be implemented as part of an
automated data processing system.

e May 1979, "Discrimination Results Zrom the Pricricy
1 Stations," J. M, Savino, J. F. Masso and C. 3. Archambear,
SSS-CR=-79-4026, 323 pages.

Our objective in the discrimination experiment is to
analyze seismic waveforms from a large pcpulation of Eurasian
avents in order to identiiv these events as either earta-
Suakes or underground explosicns. The wavefcrms that we are
concentrating on are short-gericd P waves racorded at a global
network of seismograph stations.
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In this report we describe the details of the variable
;' frequency magnitude (VFM) discrimination method that is used
in this experiment. Briefly, the central feature of the VFM
method is the use of a set or "comb" of Gaussian shaped ultra
narrow band filters to decompose a digital time series, con-
#" sisting of signal plus noise, into a set of quasi-harmonic
modulated signals. The filter center fraquencies are selected
! to span the frequency range of the expected signal spectra.
{ For each filter a time domain envelope function is constructed

@ from the filtered and guadrature signals. The time of the
maxiﬁum of a particular envelope function is the group or
anergy a{rival time, tg, of "signal" with a freguency near
the filter center frequency. The amplitude of the envelope

L § function at time, tg, is the spectral amplitude, Ag(f), of
the signal energy arrival at the filter center frequency.

For identification of a signal as to the originating

event type, the »rocedure is simply to compute the magnitude

® mb(f) a log Ag(f) and construct mb(f) planes wherein event
mb(f) values at a high frequency (i.e., > 2.0 Hz) are plotted
versus mb(f) values at a lower frequency (i.e., 0.5 Hz).
Observed signals can then be characterized by the location

© of their mb(f) values in these planes. It is predicted
theoretically (Archambeau, 2t al., 1374) that ordinary earth-
quake signals fall in one particular area within such planes
and that explosicns (of all typves) fall within a distinctly

o separate arsa. While the observational results c¢btained to
date from this experiment tend to support these theoretical
predictions, the degree of separation of the earthquake and
explosion populations in the mb(f) plane representation is

L 4 also found to depend on the geologic setting of a particular
recording station, the spectrum of background earth noise at

a station, and the epicentral distance range of events.
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}n e September 1979, "Design Study for a Seismic Research
Center: Hardware Configuraticn," J. Berger, SSS-R-80-4173,
53 pages.

C The design of a seismic research center is conéidered.
i. This system is to perform the tasks of the praesent SDAC and

to meet the requirements of a seismic data center which can
- record and process the data from up to 50 NSS Mod II tyve
seismic stations.

A design is developed consisting of four modules: a
multi-microcomputer f£ront end Zor ccmmunications and detec-
tion of seismic signals in the data stream; a recording mini-

PR —

: computer to archive the data and write the detecticns to
disk; a network analysis ccmputer to perZcrm associations cf

"

events with detections; and a research computer £o gerform
generzl scientific computing in a multi-user, multi-task an-

vironment. Specific hardware is recommended for each module
and for a local network which will connect the machines %o
each other.

e September 1979, "A Review 0f Available Fras-rielid
Seismic Data From Underground Nuclear Explosions in Alluvium,
TuZZ, Dolomite, Sandstone=-Shnale ané Intarbedded Lava Flows,”
J. R. Murphy and T. J. Bennett, SSS-R-30-4216, 143 pages.

This report summarizes the results of efiorts to collec:
and crganize che available frase-field ground motion data Irxrom
undersround auclear tests in alluvium, =ufZ, dolomite, sané-
stone-~zhale and interbedded lava flcws. The primary objective
of this effort has been to reformat the published data iato a
homogansous Zorm which will serve as a useful reference Zcor
rasearchers who are attempting 22 define theoretical seisnmic

source functions Zor contained explosicns in these media.
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